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Abstract 
Context 
The preservation of crucial denning habitat is paramount to the recovery of threatened bear populations 
due to the effect that den site disturbance can have on cub mortality. Understanding habitat suitability for 
denning can allow management efforts to be directed towards the regions where conservation 
interventions would be most effective. 
Aim 
We sought to identify the environmental and anthropogenic habitat variables associated with the presence 
of Eurasian brown bear Ursus arctos den sites in Croatia. Based on these associations, in order to inform 
future conservation decisions, we also sought to identify regions of high suitability for denning across 
Croatia.  
Methods 
Using the location of 91 dens used by bears between 1982 and 2011, we used the presence-only modeling 
option in software Maxent in order to determine the most important predictors of den presence, and thus 
predict the distribution of high value denning habitat across Croatia.  
Key Results 
We found that structural elements were the most important predictors, with ruggedness and elevation both 
relating positively to den presence. However, distance to nearest settlement was also positively associated 
with den presence. Highly suitable denning habitat was found both within and outside the current species 
range. 
Conclusion 
We determine that there is considerable denning habitat value in areas with high and rugged terrain as 
well as areas with limited human activity. We suspect that high and rugged terrain contains a greater 
concentration of the karstic formations used for denning than lower-lying regions. 
Implications 
Our study presents the first habitat suitability model for brown bears in Croatia, and identifies core areas 
suitable for denning both within and outside the species’ current range. As such, it provides useful 
evidence for conservation decision making and the development of scientifically-based management 
plans. Our results also support the need for finer spatial scale studies that can reveal specific denning 
preferences of sub-populations.  
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Introduction 
After centuries of anthropogenic pressures, the Eurasian brown bear Ursus arctos has been extirpated 
from most of its range. Today about 17,000 bears live in 22 European countries separated in 10 
populations. The Dinaric Mountains contain one of the three most abundant populations of bears 
remaining in Europe (Kaczensky et al. 2012). This particular population has been expanding in recent 
years, due to favorable management for hunting, and conservation legislation (Huber et al. 2008). Bears 
are the most abundant large carnivore in Croatia and are protected by both the Nature Protection Act in 
Croatia as well as the EU Habitats Directive, of which it is a priority species for conservation under 
Annex II and IV (Kaczensky et al., 2012). Croatia’s bears comprise the northwestern portion of the 
Dinara-Pindos population (Kocijan et al 2011), which reaches further northwest into Slovenia as well as 
southeast into Bosnia & Herzegovina, eventually reaching all the way to Greece. The permanent bear 
distribution range in Croatia holds on average at least one individual per 10km2, and densities are highest 
in the intensively managed areas with bear feeding sites (Huber et al. 2008). While Croatia’s bear 
management plan estimates a total capacity of approximately 1100 individuals, the current estimate is at 
1000 individuals (Kaczensky et al., 2012). The population expansion relies on young males dispersing to 
peripheral areas of the range, limiting intraspecific competition and promoting genetic diversity 
(Kaczensky et al., 2012). Throughout their range in Croatia, bear habitat preferences are highly influenced 
by human activity (Kusak and Huber, 1995). 
As brown bears are especially sensitive to human disturbance during the denning period (Swenson et al., 
1997), it is important to understand where highly valued denning habitat is located relative to potential 
development sites in the region. As such, the conservation of these denning areas is of central concern to 
the sustainability of Eurasian brown bears (Huber and Roth, 1997). In a review on the consequences of 
den disturbance, Linnell et al. (2000) explains that brown bears exhibit variable responses to den 
disturbance, but when human activity of any scale occurs less than 1km away and especially when it 
occurs less than 200m away, den abandonment increases significantly. This leads to increased rates of cub 
mortality and can lead to population declines over time if disturbance and den abandonment continues to 
rise (Swenson et al., 1997; Linnell et al., 2000). While a prior study on den site characteristics in Croatia 
found that most dens are built in rocky caves, facilitated by the karstic geology of the region (Huber and 
Roth, 1997), little else is known about the denning preferences of bears in Croatia. 
The use of habitat suitability models has become increasingly popular for management purposes in recent 
years (Elith and Leathwick, 2009; Higgins et al., 2012), and can provide a valuable means of assessing 
denning habitat requirements for brown bears in Croatia. Recent advances have made it possible to create 
habitat suitability maps without traditional presence-absence data. This includes the use of presence-only 
data ( Pearce and Boyce, 2006; Tsoar et al., 2007; Aranda and Lobo, 2011), non-point data (Chakraborty 
et al., 2011; Koreň et al., 2011), and proxy data (Eigenbrod et al., 2010; Feilhauer et al., 2012). Habitat 
suitability maps from these models indicate the most important zones within species ranges, and also 
identify high quality areas where the species is absent but that may potentially be recolonized. 
Maxent is one habitat suitability modeling method that has exhibited robust performance without the use 
of known absence points (Saupe et al., 2012; Townsend Peterson, Papeş, & Eaton, 2007; Tsoar et al., 
2007). It has been particularly useful with small sample sizes (Wisz et al., 2008). Thus, it has been used 
successfully to map habitat suitability for rare large carnivores based on presence-only data in both Asia 
(Matyukhina et al., 2015), South America (Torres et al., 2013), and Europe (Passoni et al. 2017).  
The objective of this study was to identify the environmental and anthropogenic predictors of  brown bear 
denning habitat, and thus to determine the spatial distribution of high quality denning habitat across the 
species’ range in Croatia.  
The sustainability of denning habitat is an important driver of long term population stability for bears 
(Linnell et al., 2000). As such, this study provides information which will help to inform conservation 
efforts for this protected species.  Additionally, it may influence land development plans to reduce the risk 
of den disturbance.  
Methods 
Study area and den location 
The study area was split between three different regions in central Croatia: Gorski kotar in the north-west, 
Plitvice in the south-east, and Velebit in the south-west. Thirty-three dens were located between the 
Gorski kotar and Plitvice regions using data from bears that had been radio-collared between 1982 and 
2011. Gorski kotar and Plitvice are both highly forested areas of approximately 70% forest cover, ranging 
from 417m to 1,528m above sea level. In both Gorski kotar and Plitvice, the primary habitats are a 
mixture of beech and fir forest. Common beech (Fagus sylvatica) and fir (Abies alba) are the most 
abundant tree species, growing in a shallow soil over carbonate bedrock. Terrain in both is typical karst, 
with an abundance of caves, depressions, and gorges. Mountain peaks and slopes (>60 degrees) are 
covered in bare rock (Huber et al., 1995; State Institute for Nature Protection, 2015). 
The Velebit region bear dens were located using hunting chronicles and forest surveys conducted by the 
Faculty of Forestry at the University of Zagreb. Maps and chronicles of hunting grounds with bear 
sighting information were compared with known habitat requirements and local population estimates to 
locate dens ( Kusak and Huber, 1995; Majnarić, 2002; Huber et al.,  2008; Huber and Roth, 2009). Bear 
dens were found during detailed searches of terrain during forest inventorying in karst areas, and by 
backtracking the brown bear tracks in spring following their emergence from the dens. Locations of 
individual dens were also pointed out by rangers. Dens were confirmed by signs of bear use (including 
paw prints, scratches by claws and teeth, and rubbing) in the vicinity, beds within the den, and on the 
basis of ranger observations.  
As compared to Gorski kotar and Plitvice, Velebit is less forested. It is the western edge of the Dinaric 
Mountains and represents the largest, though not the highest, mountain range in Croatia, running north-
south along the Adriatic coast. It is a mosaicked landscape, with pockets of forest, grassland, karst 
canyons, and bare peaks. Above 800m, common beech and fir dominate the forests, especially on the 
inland side of the range. At higher elevations, subalpine forests give way to rocky plateaus, dry 
grasslands, and bare jagged karstic rock from 1,100m to 1,650m above sea level. On the Adriatic side, 
forest cover is low and the habitat is sub-Mediterranean dry grassland and coastal thermophile forest. 
Gorski kotar, Plitvice, and Velebit are among the least populated regions of Croatia due to their rugged 
terrain. Furthermore, farm abandonment has been steadily increasing, depopulating the regions for 
roughly the last forty years (Buršić et al., 2011). 
Of the 114 total dens we located across Gorski kotar, Plitvice, and Velebit, three known individuals held 
multiple dens in the same winter, usually within 70-300m of the others. In the case of a bear utilizing 
more than one den in the same season, we selected one den from the cluster to be used as the test sample 
in order to minimize spatial autocorrelation in the model. If multiple dens from the same known 
individual and year were in the same cell (250m x 250m), we selected the one closest to the center, and if 
the dens straddled two cells, we selected the one closest to the center of the cell with the majority of dens. 
While in-situ surveys allowed us to confirm the presence of each den, those located from the hunting 
chronicles and forest surveys did not maintain details on the individual that used it, and thus all records 
were treated as independent.  
Habitat variables 
The habitat variables we used in the model came from a variety of sources and we chose them to 
represent a broad spectrum of common habitat features that may influence den site preferences (Table 1). 
For the structural elements, we used elevation and ruggedness. For the anthropogenic elements, we used 
human density, landscape heterogeneity, agriculture, grassland, distance to nearest settlement, distance to 
nearest paved road, and distance to nearest feeding site (where bears are habituated through feeding for 
the increased ease of hunting). In order to ensure the absence of strong correlations (Pearson Correlation 
Coefficient > 0.50) between habitat variables, we used the band collection statistics tool in ArcGIS to 
compute a covariance matrix of each variable (ESRI, 2013). No strong relationships were found and thus 
no variables were removed from the analysis (Appendix A).  
Den habitat suitability model 
In order to determine the drivers of denning habitat suitability, we fitted a presence-only species 
distribution model into the software Maxent (Phillips et al., 2004). This approach has the advantage that it 
requires no data on real absences, but at the cost of potentially overestimating species range or ignoring 
selection bias (Halvorsen, 2013; Yackulic et al., 2013). However, Maxent has been shown to perform 
relatively well as a model of species habitat suitability rather than distribution modelling, particularly 
with small sample sizes (Saupe et al. 2012). Hence, Maxent is a widely used tool for mapping habitat 
suitability when one solely possesses a set of confirmed locations. Instead of providing known absence 
points, one must provide Maxent with an area known as a bias within which pseudo-absence points are 
generated for the purposes of model fitting (Phillips, 2008). In this case, we used a minimum convex 
polygon around all den locations as this method is commonly used when presence points occupy an 
especially large area (Venette et al., 2010). 
Model output 
As an output, Maxent provides suitability maps that can be left in a stretched classification or classified to 
binary presence-absence maps (Hosseini et al., 2013). As with any ecological modelling, it is essential to 
validate the results, often using independently gathered test data not used in training the model (Fielding 
and Bell, 1997; Phillips and Dudík, 2008). We subsampled 25% of our total data to act as testing data 
during simulation and used a jackknife as a further method of assessing the influence of each variable on 
the overall model, as suggested by Verbyla and Litvaitis (1989). Jackknifes work by systematically 
running simulations with each run leaving out one predictor variable, and then running a separate 
simulation using solely that excluded variable. By doing so, jackknifes are able to assess the total gain of 
the model containing all predictor variables. Subsequently, two variables were chosen as the most 
essential to the model. The first is the one that most reduces the total gain of the model when it is 
excluded from simulation and the second is the one that maintains the greatest percent of the maximum 
gain when the model is run using it alone (Stein, 1981). In order to assess the results of the simulation, we 
examined the Maxent area under the curve (AUC) of the receiver operating characteristics (ROC) graph.  
Results 
After removing dens used by single individuals in the same year to avoid spatial autocorrelation, the final 
dataset used in this model had 91 total dens spanning from 1981-2011. Twenty-six dens were found in the 
Gorski kotar region, seven in the Plitvice region, and 58 in the Velebit region (fig. 1). The den suitability 
map indicates that the suitable areas are located in the mountains above the western coast of Croatia, in 
the Velebit region, as well as north of Velebit, in the Gorski kotar region. The other area with higher 
suitability relative to the rest of the country is located in the east, along the border of Bosnia & 
Herzegovina in the Plitvice region (fig. 2). Several additional small pockets of potentially suitable 
denning habitat occur in the southern arm of Croatia, in the region of Dalmatia, which is outside the 
current species range. The AUC for the overall model was 0.789.  
According to the jackknife results, ruggedness and elevation were the most important predictors of den 
presence when used individually, followed by distance to settlement and grassland. Ruggedness is clearly 
the most important variable in predicting den presence, as it maintained the greatest regularized training 
gain on its own as well as the greatest drop in regularized training gain when removed from the model 
containing all other variables (fig. 3). Landscape heterogeneity, agriculture, distance to feeding site, 
distance to road, and human population density all had minimal effects. These habitat variables 
individually contain little to no predictive value associated with den presence, with agriculture, distance to 
feeding site, distance to road, and human density responsible for less than 3% of the regularized training 
gain when run individually (fig 3). 
Den habitat suitability exhibited a positive relationship with distance to settlement, increasing up to a 
threshold of four kilometers (fig. 4a). Den presence was most likely in cells with little or no grassland 
(fig. 4b). Dens were most likely to be found at elevations above 800m (fig. 4c) and in highly rugged 
landscapes (fig. 4d).  
Discussion 
The AUC for the overall model (AUC=0.789) was ideal considering that brown bears are adaptable to a 
relatively diverse set of conditions and can be found denning in a variety of habitats in Croatia (Djuro 
Huber & Roth, 2009). Other models on habitat generalists have also found that accuracy scores are lower 
than with habitat specialists (Adler & Wilson, 1987; Evangelista et al., 2008; Kumar, Graham, West, & 
Evangelista, 2014), due to the variety of environments that can be suitable for a generalist.  
The two structural variables in the model, elevation and ruggedness, exhibited a stronger effect on den 
habitat suitability than any of the anthropogenic variables. Following those two variables, the 
anthropogenic variables seemed to exhibit a relatively minimal effect on den habitat suitability overall. 
However, two exceptions to this were distance to settlement and grassland. While weaker predictors than 
elevation and ruggedness, these two variables exhibited far stronger effects on den habitat suitability than 
all remaining anthropogenic variables, and thus we cannot entirely discount an effect of human activity on 
den presence. Grasslands, an anthropogenic variable used in this study to denote land used for livestock 
grazing, were nearly absent in the areas of highest den habitat suitability. However, it is unclear whether 
this result reflects higher disturbance in areas with more grassland (which are typically used for livestock 
grazing), or avoidance of the habitat itself by denning bears. In the distance to settlement function (fig. 
4a), there is an apparent threshold where den suitability plateaus between 4000m-8000m from a 
settlement. At distances greater than 8000m, there are discontinuities in the function and an increase in 
standard deviation. This can likely be explained by both Maxent’s built-in discontinuities at the boundary 
of the range of predicted values (Stephan, 2014), as well as greater landscape variation at increasing 
distances from a den. At such distances, multiple interacting factors may lead to discontinuities in niche 
modelling (Merow et al., 2014).  
Our finding of increased den habitat suitability in high rugged terrain is consistent with some findings 
outside Croatia, including in Canada (Ciarniello et al. 2005) and in Slovenia (Petram et al. 2004). 
However, the Slovenian study, which examined an extension of the same population in our study, also 
found that neither distance to nearest village nor distance to nearest forest road was a significant predictor 
of den presence across the study range (Petram et al. 2004). Elfström et al. (2008) also found contrasting 
results for Scandinavia, where brown bear denning sites were more common at lower elevations. Brown 
bears in the Himalayas provide another counterexample to Croatia, exhibiting strong avoidance of the 
steepest slopes and highest elevations (Nawaz et al. 2014). In both Sweden and the Himalayas, such 
avoidance of high rugged terrain is likely be due to far more extreme structural and temperature gradients 
than exhibited in Croatia. However, these contrasts with our results indicate the value of suitability 
modelling at the sub-population scale, and furthers our knowledge of the spatial scale at which factors 
influencing bear den habitat suitability operate.   
We suspect that the strong effect of ruggedness and elevation in the model can be attributed, at least in 
part, to those areas containing high concentrations of karstic formations that contain appealing den sites 
such as caves. A 1997 study found that 78% of Croatian brown bear dens surveyed between 1980-1992 
were located in karstic caves (Huber and Roth 1997) and these formations are less likely to occur in low 
flat regions.  
In addition to future studies examining disturbance risk across habitat gradients, we suggest that habitat 
suitability modelling be extended to locations throughout the rest of the year. Using GPS-collar data, it 
would be useful to determine if habitat requirements in the denning season are consistent with habitat 
requirements throughout other times of the year, or alternatively whether there are other key habitats that 
are required for population persistence. We also recommend detailed studies of maternal dens, examining 
the causes and correlates of cub mortality. Since maternal den disturbance can increase the likelihood of 
cub mortality and affect population levels over time (Swenson et al., 1997; Linnell et al, 2000), it is 
important to determine the processes that cause these outcomes, as well as the resulting patterns of 
distribution.  
Conclusion 
In conclusion, we believe that the increasing suitability of brown bear den habitat in higher, more rugged 
terrain reflects the appeal of karstic formations for denning. Additionally, we believe that the increased 
suitability of dens with greater distance to settlement may indicate an avoidance of human activity during 
the denning season, though this was a weaker effect than the structural elements and more studies will be 
needed to confirm a causal relationship. Because of the sensitivity of dens to disturbance, and the effects 
that den disturbance can have on a population, den suitability models are an important tool in determining 
targets for habitat conservation. They are especially needed at sub-population scales, as bear behavior can 
vary greatly between regions.  
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 Figure 1. Locations of known den sites used in this study. Ninety-one total dens were located between 
1982-2011 in three different regions in Croatia.  
 Figure 2. U. arctos den habitat relative suitability in Croatia based on modelling ninety-one known den 
sites using nine habitat variables. Southern Croatia is outside the known range of the species.  
 
  
  
Figure 3. Jackknife test of variable importance. Blue bars indicate the model’s regularized training gain 
using only that particular variable. Teal bars indicate the model’s regularized training gain using all 
variables except that particular variables. The red bar indicates the regularized training gain including all 
variables. 
 
 
  
Figure 4. Responses of relative habitat suitability for U. arcos dens to A: distance to settlement; B: 
grassland cover; C: elevation and D: ruggedness (SD in blue).  
 
  
Table 1.  
Description, and source for the habitat variables used in the Maxent model.  
Cell size for each layer was 250x250m. 
Habitat Variable  Description Source 
 
Elevation Average elevation (m) of the total area 
of the cell 
State Institute for Nature 
Conservation, 2001 
 
Ruggedness Ratio of surface area (m2) to cell plane 
area 
State Institute for Nature 
Conservation, 2001 
 
Human density Number of people per unit area (km2) Croatian Bureau of Statistics, 
Census of Population, 
Households, and Dwellings, 
1991 
 
Landscape 
heterogeneity 
Shannon diversity index of land cover 
types per cell 
Corine Land Cover Database, 
2006 
 
Agriculture Percent of agricultural land in the cell  State Institute for Nature 
Conservation, 2005 
 
Grassland Percent of pastureland in the cell  State Institute for Nature 
Conservation, 2005 
 
Distance to 
settlement 
Distance from the cell center to the 
edge of the nearest human settlement 
of at least five residents 
Croatian Bureau of Statistics, 
Census of Population, 
Households, and Dwellings, 
1991 
 
Distance to road Distance from the cell center to the 
nearest paved road 
Ministry of Environmental and 
Nature Protection, 2016 
 
Feeding site Distance from cell center to the 
nearest bear feeding site 
Ministry of Environmental and 
Nature Protection, 2016 
 
 
 
 
